Fourteen members ofthe Hpa I subfilies of tRNA-derived SINEs in particular salmonid species were isolated from genomic libraries of chum salmon, koknee, coho salmon, masu salmon, and s e. Ali t of the sequences of these 14 members, together with those of4 members already published, 3 of which were previously d sted to have been amplied speificaly in certain lineages, revealed the presence of five sbfali with particular disc nucleotides. The amplification of members of the same subfamily in different salmonid lineages and the amplification of members of different subfamilies in the same saAmonid lineage suggest that multiple dispersed loci were responsible for amplification or, alternatively, that SINEs were transmitted horizontally between species. These two possibilities are not mutually exclusive. Our results also indicate that the Hpa I SINEs in salmonids behave like parasites. The amplifiation of these
SINEs is ongoing and continues to shape the evolution of salmonid genomes.
Short interspersed repetitive elements (SINEs) have been isolated from a variety of multicellular organisms (ref. 1; for reviews, see refs. [2] [3] [4] [5] [6] , and they can be classified into two groups. One group includes SINEs, such as the primate Alu family and the rodent type 1 (Bi) family, that are ancestrally derived from 7SL RNA in the signal recognition particle (SRP) (7, 8) . All other known SINEs belong to a second group derived from specific tRNAs (ref. 9 ; for reviews, see refs. 4 and 5) . SINEs are believed to have been amplified by retroposition-namely, the reintegration of reversetranscribed copies of transcripts from SINEs. However, the precise mechanism of amplification is unknown, as are the forces that govern amplification of various families of SINEs in the course of evolution.
The human Alu family, which accounts for a total of 5% of human genomic DNA, is the best-characterized family of SINEs. It is not known why this particular family of sequences has been amplified to such an incredible extent. The human Alu family can be divided into several subfamilies, each of which was apparently inserted into the host genome at a different time during evolution (10) (11) (12) (13) (14) . As shown by Britten et al. (13) and Jurka and Smith (14) , human Alu repeats that arose at earlier times shared correlated blocks of nucleotides that were different from the current consensus sequence at diagnostic positions. Moreover, in several species other than primates, several SINEs have been reported that were subjected to successive amplification during evolution, such as rodent B1 (15) , rabbit C (16) , and tobacco TS (17) . These (25) . Identification of several subfamilies of human Alu sequences led Deininger et al. (26) to hypothesize that retroposition events are due to a single master Alu source gene. In this "master gene model," a master gene locus is responsible for the amplification of all subfamilies of Alu sequences. However, the copies that this master gene creates are rarely active in retroposition. The model predicts that the masterAlu gene has a defined function that must be maintained during evolution if the host is to survive. By contrast, Schmid and Maraia (6) proposed, from a detailed analysis of the most recently amplified subfamily, that multiple Alu elements are or were potential sources for ongoing retroposition, with some elements having been more successful than others. In this "transposon model" (using the nomenclature of ref. 26) , retroposition ofeach source element may be affected by many factors at different levels, each of which influences the final result. These factors may include the chromatin context near a newly transposed SINE, methylation, cis-acting promoter elements and trans-acting factors, RNA processing, or poly(A) metabolism (6) . Since the effects of these factors may differ among species, frequencies of retroposition may also differ among specific lineages. In the transposon model, SINEs behave like parasites.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (Table 2) , and then the polymerase chain reaction (PCR) was performed, using the genomic DNA from the seven listed species as templates. The naming of clones was as described previously (30 --- . At four loci, namely, the Hpa-12, -14, -17, and -20 loci, the member of the Hpa I subfamily was found to be present specifically only in the genome of chum salmon. These four Hpa I sequences are shown in Fig. 1 . As an example, Fig. 2a shows the results of PCR with the Hpa-12 locus. The primers amplified a DNA fragment of 390 bp when the Hpa I unit was present (a black arrowhead in Fig. 2a) , or of 210 bp in the absence of the Hpa I unit (a white arrowhead in Fig. 2a) . To confirm the species-specific retroposition in chum salmon, the sequence at the Hpa-12 locus in pink salmon was determined (data not shown). Moreover, at this locus, there is only one copy of the flanking direct repeats, which are the hallmarks of retroinsertion (2, 3) . To examine the fixation or dimorphism of the SINE units at the Hpa-12 locus among populations, we analyzed DNA from individual chum salmon sampled from a variety of locations, such as Big Beef Creek in Washington, USA; the Sarita River in British Columbia, Canada; the Kasigluk River in Alaska, USA; and the Chitose and Tokachi Rivers in Hokkaido, Japan. The results in Fig.  3a represented species-specific amplification of Hpa I subfamilies (Table 3) . The results of a typical PCR experiment for the Hpa-204 locus are shown in Fig. 2b ; other loci (Hpa-209, -211, -221, -222, -259, and -801) gave similar results. To examine fixation or dimorphism of these units in individual masu salmon, fish were collected from the Gunbetsu River in Hokkaido. Besides 0. masou masou, there are two other subspecies of 0. masou-namely, Amago salmon (0. masou ishikawae) and Biwa salmon (0. masou rhodurus), in Japan. We also collected Amago salmon and Biwa salmon from a variety of locations, such as the Nagara River in Gifu Prefecture, Japan, and the Same River in Shiga Prefecture, Japan. Fig. 3b suggests that the SINE units integrated at this locus were fixed in all specimens of masu salmon and, moreover, in all specimens of Amago salmon and Biwa salmon examined. The SINEs at the other six loci gave the same pattern (data not shown). Amplification of these units may have occurred in a common progenitor of these three subspecies.
Species-Specific Amplification of the Hpa I SINE in Kokanee, Coho Salmon, and Steelhead. Using the same strategy as that applied to chum salmon and 0. masou, we isolated and characterized three further species-specific loci, which were specific to kokanee, coho salmon, and steelhead, respectively. In the case of kokanee, among 17 loci analyzed, one locus (Hpa-337) was found to be kokanee-specific, as shown in Fig. 2c . In the case of coho salmon, among 11 loci analyzed, 1 locus (Hpa-52) was found to be coho-specific, as shown in Fig. 2d . From a genomic library of steelhead, a steelhead-specific amplification (Hpa-506) was also detected, as shown in Fig. 2e The type I subfamily includes three members (Hpa-12, -20, and -17) that are specifically amplified in the lineage of chum salmon. It should be noted that Hpa-51, which was demonstrated to have been amplified specifically in a common ancestor of chinook and coho salmon (30) , is included in this subfamily. Therefore, the origin of the six diagnostic nucleotides common to the three Hpa I sequences amplified in the lineage of chum salmon and Hpa-51 must date back to before divergence of the five salmon species in the genus Oncorhynchus (Fig. 4) . Since Hpa-222, which was shown here to have been amplified specifically in the lineage of 0. masou, belongs a subfamily of the intermediate type (the type II subfamily), the appearance of the four diagnostic nucleotides at positions 56, 65, 130, and 175 must date back at least to a common ancestor of the genus Oncorhynchus.
As shown in Fig. 4 and Table 4 , the present study reveals the existence of species-specific amplified SINEs that belong to types other than the type I subfamily; for example, Hpa-14 (type II), which was amplified specifically in chum salmon, Hpa-204 (type III), which was amplified specifically in 0. masou, Hpa-52 (type IV), which was amplified specifically in coho salmon, and Hpa-337 (type V), which was amplified specifically in kokanee. Amplification of each different type in each lineage, after the putative establishment of some diagnostic nucleotides of the type I subfamily in a common ancestor of the genus Oncorhynchus, strongly suggests that there must have existed multiple source genes for each subfamily.
This conclusion can be reached in a different manner. In the lineage of 0. masou, members of four different subfamilies, namely, Hpa-222 in type II, Hpa-204 in type HI, Hpa-259 in type IV, and Hpa-209, -211, -801, and -221 in type V, were specifically amplified. It is very unlikely that four different types changed successively from one type to another in one specific lineage and that one particular type in the lineage of 0. masou was generated in other lineages independently. Rather, it seems more plausible to postulate that multiple source genes already existed at the time of establishment of 0. masou.
Rates of Amplification of SINEs Are Different in Each Lineage. As stated in the introduction, retroposition may be regulated by the local environment of the source genes (6). Table 3 indicates, for each species examined, the number of species-specific Hpa I family members relative to the total number of Hpa I family members analyzed. With the single exception of pink salmon, we isolated species-specific amplified SINEs from the library of every species of salmon. It is noteworthy that, of the 10 loci analyzed in chum salmon, 4 loci were found to be species-specific (a frequency of 40%). In the other cases, the frequency of isolation of speciesspecific SINEs was between 6% and 18%. Since the chum salmon is the youngest species in the genus Oncorhynchus, it is quite surprising that almost 40% of the SINEs in chum salmon were amplified after establishment of the species.
Of the four SINEs amplified in the lineage of chum salmon, three SINEs, namely, Hpa-12, -20, and -17, belong to the same subfamily (type I). The (Table 4) . Phylogenetic relationships among the species of Oncorhynchus were recently reported by our group (30) . The phylogenetic position of 0. masou is currently unknown, but the most likely relationship is indicated by a dotted line (30).
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type I subfamily appears to be specific to chum salmon in Table 4 . However, recently, from the genome of pink salmon, we isolated several SINEs that have the seven diagnostic nucleotides in the type I subfamily, indicating that the appearance of A at position 154 must date back at least to a common ancestor of chum salmon and pink salmon. Therefore, introduction of A at position 154 does not explain the high frequency of retroposition of the type I subfamily in chum salmon. Rather, it is very likely that, after establishment of chum salmon, one of the progeny SINEs with seven diagnostic nucleotide changes was integrated into a favorable local environment in the genome, perhaps near a strong promoter or in a region of active chromatin, enabling it to become a dominant source gene for the type I subfamily. This may be a good example showing that the sequence of a SINE itself is not necessarily responsible for high frequency of retroposition of SINEs.
On the Possibility of Horizontal Transm on of SINEs.
Although multiple source genes could explain the phylogenetic distribution of the five Hpa I subfamilies, the data in Fig. 4 are also consistent with horizontal transmission of SINEs between species. To our knowledge, this possibility has not been seriously considered before. We previously proposed a model in which tRNA-related SINEs are derived from the strong stop cDNA that is primed by tRNA during the first step of retroviral reverse transcription (9) . A clear prediction of this model is that SINE sequences located just downstream from the tRNA-homologous sequence are derived from retroviral sequences located just upstream from the tRNA primer binding site. Thus, horizontal transmission of the retrovirus itself could explain weak similarities in the tRNA-unrelated regions of SINEs that arose independently in distantly related species (9) . In contrast, the close relationships between the various Salmonidae Hpa I subfamilies, distinguished solely by afew diagnostic nucleotides (Table 4) , are more consistent with horizontal transmission of the SINE itself as an RNA intermediate sequestered within a retroviral capsid like tRNAs and 7SL RNA (35) . The horizontal transmission model and the transposon model, however, are not mutually exclusive, and it is possible that these two models together provide the explanation of the phylogenetic distribution of the Hpa I SINEs.
The features of SINEs described in the present report illustrate the parasitic nature of SINEs (36, 37) . However, the data do not preclude the possibility that SINEs developed a functional role later in evolution as a result of symbiotic relationships with the hosts (38, 39) , or that SINEs may play a role in speciation by changing genomic organization or gene expression. A role in speciation might provide an explanation at the molecular level for some phenotypic changes accrued in a punctuated manner (40) . The present study clearly shows that retroposition, resulting in parasitization of entire salmonid genomes, continues today. tRNA-derived SINEs have many characteristics very similar to those of the vertebrate 7SL-derived Alu family, including multiple subfamilies and high frequencies of retroposition. It remains to be determined how these SINEs with such different origins have both been so active in retroposition. 
